The growth of Microcystis aeruginosa and Chlorella pyrenoidosa in three dissolved organic phosphorus sources (glucose-1-phosphate, adenosine triphosphate, cyclic-adenosine monophosphate) 
INTRODUCTION
Phosphorus is frequently the limiting nutrient for phytoplankton growth in freshwater ecosystems (Schindler 1977; Hecky & Kilham 1988; Hudson et al. 2000) , and its availability is an important factor to control phytoplankton productivity and species composition in lakes (Cotner & Wetzel 1992) . Eutrophication is one of the most widespread environmental problems of inland waters. Concomitant with the process of eutrophication, the proportion of dissolved organic phosphorus in the total phosphorus pool has been dramatically increased (Hudson et al. 2000) . For instance, soluble phosphorus comprises as high as 88% of dissolved organic phosphorus in the Lake Taihu, a hyper-eutrophic shallow lake, in summer. Therefore, when external inorganic phosphorus concentration is very low in the water column during summer algal blooms, the extent to which algae could benefit from organic phosphorus compounds may be one of key factors to determine the algal interspecific competition.
Some algae are capable of obtaining phosphate from dissolved organic phosphorus (DOP) in the absence of dissolved inorganic phosphorus (DIP) to sustain their growth (Whitton et al. 1991; Oh et al. 2002) . The utilization of DOP is associated with a number of enzymes, among which alkaline phosphatase was regarded as the most important one in hydrolyzing a variety of forms of DOP sources (Shan et al. 1994) . Alkaline phosphatase activity (APA) is often a common marker of phosphate stress in many phytoplankton (Dyhrman & Palenik 1999) , and the phosphorus status of phytoplankton communities can be evaluated by measurement of total APA in enzyme assays (Nicholson et al. 2006) .
Microcystis are widely present as the dominant species in the eutrophic freshwater lake. Is Microcystis capable of utilizing organic phosphorus more efficiently than other algae? In our previous work, we investigated the effect of inorganic phosphate (pyrophosphate, polyphosphate) on the competition of M. aeruginosa and C. pyrenoidosa (Qian et al. 2008 ). Here in current research, our objective is to study the growth of M. aeruginosa and C. pyrenoidosa under three types of organic phosphorus, glucose-1-phosphate, adenosine triphosphate (ATP), cyclic-adenosine monophosphate (c-AMP), which were widely present in the freshwater ecosystem. Meanwhile we estimated cellular alkaline phosphatase activity to study its relationship with the capability of phytoplankton to utilize different forms of DOP compounds.
METHODS

Organisms and cultivation
M. aeruginosa and C. pyrenoidosa used in our experiment were obtained from the Institute of Hydrobiology of the Chinese Academy of Sciences. The algae were grown in batch culture in BG-11 medium at 25 ºC under fluorescence light at an intensity of 40 µE m -2 s -1 with a 12:12h light/dark cycle. All of chemical reagents were AP grade and made in China.
Experimental design
The experiment was performed with cultures separated by a dialysis membrane, which had a molecular weight cut-off of 12-14 kDa (Cole-Parmer Instrument Co., USA), as described by Hyenstrand et al. (2000) . M. aeruginosa and C. pyrenoidosa were physically separated but shared the same nutrient conditions (Qian et al. 2008) . Glucose-1-phosphate, adenosine triphosphate and cyclic adenosine monophosphate were chosen as organic phosphorus sources, meanwhile, inorganic phosphate treatment was made as a control. The concentration of the all types of phosphorus was 2.72 mg P L -1 , which is the half level of phosphorus for BG-11 medium. All of treatments were in triplicate. Cells of M. aeruginosa and C. pyrenoidosa during the log growth phase were inoculated into the sterile medium with different organic phosphorus treatments, at an initial cell abundance of 6.5×10 4 cells mL -1 .
Analysis
Algae were filtered out and the Total Dissolved Phosphorus (TDP) concentration of the medium was measured with the molybdenum blue colorimetric method (Huang et al. 2000) after digestion with K 2 S 2 O 8 at 121 ºC for 30 min. The activity of cellular alkaline phosphatase of algae was determined according to Berman (1970) and Nicholson et al. (2006) . Algae were enumerated under microscope in a counting chamber. All the parameters were assayed every two days.
The data were analyzed with Origin 8.0, and significant differences (p <0.05) were evaluated with one-way analysis of variance.
RESULTS
M. aeruginosa and C. pyrenoidosa had the capability to utilize those three forms of organic phosphorus, and both of them had an obvious growth. However, their growth rate with organic phosphorus was much lower than that with orthophosphate (Tab. 1). Comparing the growth rate under different types of organic phosphorus, M. aeruginosa grew the best in glucose-1-phosphate, with the maximum cell abundance of 1.80×10 6 cells mL -1 . ATP was the second best organic phosphorus source for M. aeruginosa, with its maximum cell abundance reaching to 1.39×10 6 cells mL -1 . The last utilizable one is c-AMP, but there was no significant difference for the later two organic phosphorus sources (p >0.05) (Fig. 1) . C. pyrenoidosa showed the equivalent ability to utilize those three types of organic phosphorus, but the maximum cell abundances were lower than those of M. aeruginosa, being 1.26×10 6 cells mL -1 , 1.30×10 6 cells mL -1 and 1.21×10 6 cells mL -1 with glucose-1-phosphate, ATP and c-AMP, respectively (Fig.  1) . Under glucose-1-phosphate condition, M. aeruginosa had a longer lag stage than C. pyrenoidosa, but a sharp growth after day 6, and eventually M. aeruginosa became dominant over C. pyrenoidosa in the separate cultures. In contrast, those two algal species did not show any significant differences in the maximum growth rates and cell abundances in ATP and c-AMP medium during the experimental period (p >0.05). However, C. pyrenoidosa grew better than M. aeruginosa in orthophosphate medium during whole experimental process (Fig. 1) . The variation of phosphorus concentration in water was closely related to the growth of algae, with the declining rate increasing when the algal growth rate became higher (Fig. 1) . The cell abundance of M. aeruginosa and C. pyrenoidosa were relatively high in the orthophosphate than in DOP medium, thus, the consumption of phosphorus were bigger than that in glucose-1-phophate, ATP and c-AMP medium (Fig. 1) .
Cellular APA of M. aeruginosa increased at the beginning, reaching the maximum level at day 4, and then decreased constantly until the end of the experiment (Fig. 2) . Whereas, cellular APA activity of C. pyrenoidosa showed a continuous decline, and became stable after day 6, without any significant differences between DOP treatments (p >0.05). The maximum value of APA activity appeared higher in the glucose-1-phosphate medium than in the medium of ATP and c-AMP for M. aeruginosa, and it had no significant difference for the treatment of ATP and c-AMP (Fig. 2) .
DISCUSSION
The relationship between the alkaline phosphatase activity and the capability to utilize organic phosphorus
Alkaline phosphatase, which can be released from bacteria and phytoplankton in both marine and freshwater, can catalyze the liberation of orthophosphate from varying phosphorus compounds, e.g. phosphate monoesters, nucleotide polyphosphate, deoxynucleotide polyphosphate, inorganic pyrophosphate, tripolyphosphate, and some S-phosphrothioate esters (Shan et al. 1994) . Phosphatase enzymes are mainly located at the periphery of algal and bacterial cells but also occur free dissolved in the water column (Spijkerman & Coesel 1998) . Its activity was widely regarded as an indicator to access the degree of P limitation in an aquatic ecosystem or a single species, and also provides information about the utilization of DOP as an additional source of phosphate by bacteria and primary producers. Our study showed that the variation trend of APA for M. aeruginosa and C. pyrenoidosa were similar under DOP and phosphate (pyrophosphate and polyphosphate) treatments, but its values were relatively higher for DOP than for phosphate (Qian et al. 2008) .
As alkaline phosphatase is often used as a metric of DOP bioavailability (Dyhrman & Ruttenberg 2006) , this indicated that glucose-1-phosphate, adenosine triphosphate, adenosine monophosphate are more bioavailable than pyrophosphate and polyphosphate. In addition, cellular phosphatase activity was well related to the growth of algae under DOP treatments, with the higher enzyme activity the more rapid algal growth rate. The relatively high maximum value of APA of M. aeruginosa in glucose-1-phosphate media implied that glucose-1-phosphate is more readily used by M. aeruginosa than other two DOP compounds. 
Algal growth under different forms of organic phosphorus and its ecological meaning
Dissolved organic phosphorus comprises a significant proportion of the total dissolved phosphorus compounds. However, this fraction is poorly characterized largely due to the diversity and complexity of the compounds present (Shan et al. 1994) . In our experiment, we selected three types of organic phosphorus, which are generally present in the eutrophic water body. Dissolved c-AMP could have resulted from the different combined release of cAMP by both pelagic and littoral organisms, as well as from sediments and allochthonous sources, which often comprised 1-5% of the total dissolved phosphorus in surface waters (Francko & Wetzel 1982) . Meanwhile, besides phosphorus source, cAMP was reported as an effective signal compound, leading to significant increase of cultivation efficiency of bacterioplankon (Bruns et al. 2003) . Dissolved ATP was another selected organic phosphorus in our research, which has been reported to occur in a variety of aquatic habitats and plays integral role in the regulation of metabolic activities in all living cells. Phosphomonoester was detected to exist with significant quantities in lake water (Francko & Heath 1979) and ocean (Taft et al. 1977; Karl & Yanagi 1997) , which was also reported as an important component of the organic phosphorus in the sediment of the hyper-eutrophic lake (Lake Taihu), where the release from sediments are the major sources of phosphorus loading to the water column (Bai et al. 2009 ).
Our results indicated that M. aeruginosa and C. pyrenoidosa were able to utilize those three typical forms of organic phosphorus, but orthophosphate is the preferred source. Among those three organic phosphorus, M. aeruginosa utilized glucose-1-phosphate preferentially than ATP and c-AMP, with no significant difference for the later two. While C. pyrenoidosa showed the equivalent utilizable ability for those three organic phosphorus sources, since its maximum cell abundance and alkaline phosphatase activity didn't show significant difference under all those treatments.
Our previous study indicated that C. pyrenoidosa had a higher growth rate and greater ability to utilize pyrophosphate and polyphosphate than M. aeruginosa in the unialgal culture, while in the separated culture C. pyrenoidosa underperformed M. aeruginosa probably due to allelopathy effects (Qian et al. 2008) . In contrast, this study revealed that M. aeruginosa could compete over C. pyrenoidosa in glucose-1-phosphate treatment in the separated culture, which is also true in the unialgal culture (Qian et al. 2010) , implying that M. aeruginosa is able to more efficiently utilize this type of organic phosphorus than C. pyrenoidosa. However, no obvious difference could be observed for those two algal species when grew in ATP and c-AMP medium.
CONCLUSIONS
Two main conclusions could be drawn from this study. First, because of the growth of algae differs depending on the component of phosphorus source, algal assemblage could be largely decided by the composition of phosphorous source in the phosphorus-limiting water ecosystem. Second, the relatively strong ability for M. aeruginosa to utilize glucose-1-phosphate may be one of reason that why M. aeruginosa is the dominant species in eutrophic Lake Taihu, where glucose-1-phosphate was reported as an important component of the organic phosphorus in the sediment of the hyper-eutrophic lake, where the release from sediments are the major sources of P loading to the water column.
